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EFFECT OF AIRFOIL PROFTI33 OF SYMMETRICAL S E C T I O N S  ON THE 

LOW-SpEED ROlJJNcf DERIVATIVES OF 45' SWEPTBA(=E;-WING 

MODELS OF ASPECT RATIO 2.61 

By William Letko and Jack D. Brewer 

An investigation was made in  the Langley s t ab i l i t y  tunnel t o  deter- 
mine the  effect  of a i r fo i l   p ro f i l e  of sgmmetrical  sections on the 
rolling derivatives of three untapred wings having 450 sweepback. The 
wings had the  following profiles normal t o  the leading edge:  biconvex 
(12  percent  thick), W A  651-OE, and NACA 0012. The aspect  ratio for 
each wing w a s  2.61. 

Calculationa were made t o  determine  the  effect of different w i n g  
profiles on the  s tabi l i ty  boundariee and motions a t  subsonic  speeds of a 
typical  transonlo airplase configuration. 

Results of the testa  indicate  that  Increasing  the sharpness of the 
leading edge of  the  airfoil  decreased  the range of l i f t  coefficients 
over which the  derivatives  maintained  their initial trends and mually 
decreased  the maximum values of the  derivatives  obtained  in  the  unstalled 
m e  

In  general,  the  effect on the derivatives o f  adding a leading-edge 
spoiler t o  the  inboard  half of the NACA 0012 wing appeared t o  be 
equivalent t o  increasing the sharpness of the  entire  leading edge t o  same 
value between that of the NACA 0012 wing profi le  and the IiACA 651-OE w i n g  
profile . 

Reeults of the  calculations of the dynamic s t ab i l i t y  of a typical 
transonic airplane configuration showed that  at 0.2 l i f t  coefficient, 
changes i n  a i r f o i l  profile had only a amall  effect OL the   oac i l la toq  
and sp i r a l  s t a b i l i t y  boundaries of a typical  transonic airplane  confibvation. 
A t  higher l i f t  coefficients (0.5 and 0 .8 ) ,  increasee in the sharpness 
of the  leading edge usually caused a s tab i l iz ing   sh i f t  of  both  the 
oscillatory and sp i r a l   s t ab i l i t y  boundaries. The s tab i l iz ing   sh i f t  
in the spiral s tab i l i ty  boundam w a s  more then compensated f o r ,  
however, by the changes in  effective  dihedral  of the  airplane wings. 
An increased  sharpness of the  leading edge therefore caused an increased 
tendency toward spiral   Instabil i ty,   particularly a t  the  higher lift 
coefficients. 



2 

INTZODUCTION 

NACA RM No. L8L3la 

Estimation  of  dynamic  flight  characteristic6  of  aircraft  require8 a 
knowledge  of  the forces and moments resulting fram the angular motions 
of the  airplane.  The  relatlonship  between  the forces and moments  and 
the  angular  motions  are  commonly  expressed in nondimeneional tern 
known as the  rotaqy  derivatives. In the  past, these derivatives  have 
generally been estimated  from theory because of the lack of a convenient 
experimental  technique. 

The recent  application  of  the  rolling-flow and curved-flow  principles 
of  the Langley stability  tunnel  (reference8 1 and 21, however,  hae made 
the  determination of the  rotary  derivatives  relatively  simple. A 
systematic  research  program  utilizing  these new experimental  techniques 
has been  established  to d e t e d n e  the  effects  of various geometric  variables 
on rotary  and  static  stability  characteristics. 

The  present  investigation was made to  determine  the  effects of air- 
f o f l  profile  of  symmetrical  sections on the  low-speed  etatic  stability 
and rolling  characteristics  of  sweptback wings. chre wing, having a blunt 
leading  edge, (NACA 0012 airfoil  section) was teated  with and without a 
leading-edge  spoiler  extending  fram the plane  of symmetry to  the  50-percent 
semlspan  point of each wing panel  to  determlne  whether  there  mlght be an 
advantage in a wing having a section  varying from sharg nose at the  wing 
root to round nose at t he  wing tip.  Results of tests  to  determlne  the 
etatic-  yawfng-stability  derivatives  of  the wings used in t h e  present 
investigation are reported in reference 3. 

Motions and stability  boundaries,  calculated by using  the  stability 
derivatives  obtained  from  the  data  of  this  paper aMi from those of 
references 2 to 4, are  also  Included In this  paper.  These  results  are 
presented  to  show  the  effect of changes of the  wing  section on the  stability 
characteristics  at  subsonic  speeds of a typloal  transonic airplane config- 
uration  such a8 that  of  references 2 and 4. 

The  reaults  of  the  tests are presented as standard NACA coefficients of 
forces and moments  which are referred  to  the  stability axes with  the  origin 
at  the  quarter-chord  point of the mean aerodynamic  chord of the  models 
teated.  The  positive  direction8 of the  forcea, moments, and angular 
displacements  are  ahown in  figure 1. The system  of =ea and angular  rela- 
tionships  used in ualculating  the  stability  boundaries and motlona are 
shown in figure 2. 
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The coefficients and ~ p i b o l ~  used herein are defined as follows: 

free-etrem velocity (also, velocity of airplane) , 
feet  per  second 

airplane eideelip  velocity  (posit ive  sideslip t o  the right)> 
f e e t  per second 

3 

maes density of air, slum per  cubic  foot 

dynamic pressure , pound8 per equare foot 

wing area, square feet 

wing span, measured perpendicular t o  plane of symmetry, f e e t  

‘aspect  ratio (.‘/s) 
chord of wing measured p a r a l l e l   t o  ezte of syrrmretry, f e e t  

mean aerdynmic chord, feet (,$..2*) 

dietance of quarter-chord  point of any ohordwiee eectian from 
Leading edge of root secticm,  fee% 

distance of quarter  chord of mean aerodpanlc  chord f r o m  leading 

edge of root chord, feet (E cx d) 

epanwlee distance measured perpendicular t o  asis of sgmmetqy, 
feet 

weight  of airplane, pounds 

-86,  d U g B  (w/g) 

acceleration due t o  gravity, feet per second per second 

r e ~ t i v e - d e n s ~ t y   f a c t o r  @ / p ~ i J  

radiue of gyration  about  principal longitudinal axia, f e e t  

radiua of gyration  about  principal V ~ m t i C 8 l  axis, f ee t  
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drag coefficient (-c= for = oO) 

longitudinal-fome coefficient (X/qS) 

lateral-force  aoeffi  cient (Y /qS) 

rolling-mrrment coeffioient (L' /qSb) 

pitching-moment coefficient (M/qS8) 

yaang-mament coefficient (H/qSb) 

lift, pouade 
longitudinal  force , pounds 
latersl force, pounde 

rolling mcllpBnt about X - a d s ,  foot-pounds 

pitching moment about Y - a x i s ,  foot-pounds 

, 
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* angle of attack of principal  longitudinal a d s  of airplane, 
positive when principal axis  is above fl ight  path,  
degrees  (see fig. 2) 

angle of flight path  with  reaect  to  horizontal ,   posit ive 
when flight-path axis is  above horizontal axle,  degrees 
(see f ig .  2)  

wing-tip helix m e ,  radlane 

yawing-velocity parameter 

yawing angular velocity,  radians  per second 

acy 

. 
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The present investigation w w  conducted i n  the 6-foot  ciroular  test 
section of the Langley stability  tunnel. This section is equipped with a 
motor-driven r o t o r  which imgarts a twist to   the air stream so that  a modal 
mounted In the tunnel i s  i n  a f i e ld  of f l o w  eimilar  to  that  which exists 
about an airplane in roUIng flight (reference 1) 

The models tested  consisted of three untapered wings of 45O sweepbaok 
and aspect r a t i o  2 -61. The models had the following p r ~ f i l e ~  i n  plane8 
normal t o  the leeding edge: biconvex (12 percent thick), mAcA 651-0~, 
asd NACA 0012. The plan form of the models and the three prof'ibe are 
shown in figure 3 .  Also shown in   f igure 3 is the semispan leading-edge 
spoiler which, f o r  6- teste,  W ~ E L  mounted on the wing wlth the 
NACA O O E  section. 

All t es t s  were made with the model mounted r i g i d l y  at the quarter- 
chord point of the man aerodynamic chord on a single-strut support 
as shown in fi@gure 4. The forces and momante were measured by m&f18 
of e lectr ical   s t ra in  gages cmtained  in   the  s t rut  The Qmmic pressure 
at which the tests  were made x88 approximately 39.7 pounds per s q u ~ r e  
foot which comeponds  to a Mach n-r of 0 -17. The Reynolda numbr 
based on the mean aerodynsmic chord of the modele was 1,400,000. 
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The models were  t e e t d  through an angle-of-attack range f r o m  about 
do angle of attack up t o  and beyond the an@e of maximum l i f t  in   s t ra ight  
flow at  Oa angle of paw and in rolling flow at values of pb/2V 
of L O  .O21 and 20 .oQ. In etraight flow, six-crlmponent measuraments 
were made, whereas  anly me~urements of Lateral  force, yawing moment, a& 
rol l ing moment were obtafned i n  rolling flow . 

Approximate correctiom,  similar  to  thoee of reference 5 ,  baaed on 
unswept-wing theory, for the effects  of jet  boundaries have been applied 
to   the angle of attack, the longitudinal-force ooef’ficient, and the 
rolling-moment coefficient.  Correctione  for  blocking o r  turbulence have 
not been applied  to  the results. 

Characteristice in Stralght Flow 

The l i f t ,  longitudinal-force, and pitching-moment characteristics 
as measured i n  straight flow are presented in  ffgure 5 .  These results 
are about  the sam a8 thoee of reference 3 which were  obtained at 8 

dynamic pressure of 24.9 pounda per  squam f o o t .  As wa8 pointed  out 
in reference 3, the lowest l i f t - c m e  slope at law lift coefficients 
WBB obtained with the biconvex section; and the highest maximum l f f t  
w a s  obtained with the NACA 0012 wing equipped with the iIlboard leEtbing- 
edge spoiler.  Effectively  increasing  the  f3ha~pe88 of the leading 
edge reduced the reamaxd ehi f t  of the aerodpadc center with l i f t  
coefficient . 

Characteristic8 in  Rolling Flaw 

As can be seen from figure 6, increasfng the sharpness of the 
leading edge decreased  the maximum positive  value of Cy and decreaeed 

the range of l i f t  coefficients  over which the  variation of with 

Uft coefficient remained Unear. The values of C at low and medium 

lift coefficienta are small and negative and are l i t t l e  affected by air- 
fo i l   p ro f i l e .  However, increasing  the  sharpmss of the leeding edge of 
the a i r f o i l  decreased the maximum negative  values of C and decreaeed 

P 
P 

ap 
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the  lift  coefficient  at  which  the  valuee of C became  positive. For np 
certain  airplane  canfigurations  having a high  vertical  tail,  it  might 
be possible  that  would  be  positive  throughout  the  lift  coefficient 
range,  which would be of  importance  from  the  viewpoint of stability and 
control. The biconvex Xing had t he  lowest  value of C at  low  lift 

coefficients. T h i s  might  be  expected  since  the  biconvex  wing  has  the 
loweet l i f t - m e  elope  at low lift  coefficients. As with Cy and C 

increasing t h e  shalpness  of  the leading edge of  the  wing  decreased  the 
lift  coefficient  at  which  large  changes  generally  occurred in the  initial 
trends of the  variation of C with  lift  coefficient. 

c% 

bp 

I: np’ 

2P 
In  general, the  effect on the derivatives,  especially on Gy and C 

P np’ 
of adding the  lead.ing-edge  spoiler  to the NACA O O l 2  airfoil  appeared to 
be  equivalent  to  increasing  effectively  the  sharpness  of  the  leading  edge 
to some value beween that  of  the NACA 0012 a i r f o i l  and that  of  the 
NACA 6 5 1 - ~ ~  airfoil. 

CL2 D r a g  Increment, % - 

It was pointed  out in reference 3 th&t  the  increment of drag that is 

not  associated  with lift 6 - g) could be used to  indicate  the  lift 

coefficient  at  which sepmaiion begins to take  place on plain wings. It 
was  shown  that  large  changes in certain  aerodynamic  characteristics may 
occur  at the lift coefficient at which  this drag increment  begins  to  rise. 

A plot of CD - x again&  lift  coefficient for the  wings  tested is 
presented in figure 7. It can be seen by comparing this figure  with 
figure 6 that  abrupt  changes in the lnltial  trends of Cyp, Gp, and C 

generally do  occur  at  approximately  the same lift  coefficient  at  which 
the drag increment  begins  to  increase.  This  lift  coefficient  is 
about U.6 for the NACA 0012 w i n g ,  about 0.4 for the NACA 651-012 wing, 
and 0.3 for  the biconvex w i n g .  O r d i n a r i l y ,  changes in the drag ‘increment 
can  be  expected  to be ueeful only for  predicting  changes i n  the  character- 
istics  of plain wings. However, the  increase in the drag  increment  for 
the  wing  with  the  inboard nose spoiler  occurs  at  about 0.4 lift  coefficient, 
at  which  lift  coefficient the aerodpazdc characterietics also change 

CL2 

2P 
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abrubtly. As was pointed  out in reference 3, the  relationship between 
the drag increment and the  extent of l inear i ty  of the  stabil i ty  derivatives 
might serve as a basis for making certain  qualitative  estimates of the 
effects of Reynolds number on the  stabil i ty  derivatives when only the lift 
and drag w r i a t i o w  w i t h  Reynolds number have been  determined. 

S tab i l i ty  Boundaries and Motions 

Camputations were made t o  determine the changes fn the   s tab i l i ty  
boundaries and i n  the notione of 831 airplane caused by changes i n  the 
stabil i ty  derivatives resulting frm using wings of different  profile.  
The geoanetric and mass characteristics of the amlane remained the same 
in each  case, and the stabil i ty  derivatives of the a-trplane differed only 
by the  different  contribution of the wing prof i le  used in canbination 
with the airplane. 

The airplane  configuration used, sham in figure 8, is similiar t o  
I 

the model used in references 2 and 4 and the  contribution of the fuselage 
and t a i l  t o  the stabil i ty  derivatives was obtained fran the  data of 
these  references. The contributions of the  different wings t o  the s t a b i l i t y  
derivatives were obtained f r a n  results of the  present  tests and frCan t e s t s  
of reference 3.  'The mass characteristics assumed were those of a - typ ica l  
transonic a-rrplane. 

The stabil i ty  derivatives and mass characterist ics  wed in  the 
cnmputatione are  given in tables I and II. The bounbries and motions 
were calculated by meam of the  equations  lfsted in reference 6 .  - 

In figure 9 are  presented  the  oscillatory and spiral s t a b i l i t y  
boundaries as functions of C and C for the three airplanes which 

d i f fe r  only i n  w i n g  profile.  From the  figure, it can  be  seen that the 
effect  of airplane w i n g  prof i le  on both the oecillatorg and sp i r a l   s t ab i l i t y  
boundaries is ccqara t ive lg  emall at a lift coefficient of 0.2. A t  the 
higher lift coefficients  there a r e  much larger  effects of a i r fo i l   sec t ion  
on both  boundaries. A t  lift coefficients of 0.5 an3 0.8 there is a 
Stabilizing shift  of the sp i r a l   s t ab i l i t y  boundary a8 the sharpness of 
the leading edge is increased. A t  0.5 lift coefficient  there is a large 
s tabi l iz ing shift in the  oscil latory boundary when changing fram the 
WlCA 0012 w i n g  t o  e i ther  of the  other  section6 which have sharper leading 
edges. There is l i t t l e  difference, hawever, in  the  oscfllatory  boundaries 
obtained for the XACA 651-012 and the  biconvex win@.  A t  0.8 l i f t  
coefficient  there is a progressive  stabilizing shift of the  oscilla- 
to ry   s tab i l i ty  boundary as well as the   sp i ra l   s tab i l i ty  barndary a8 the 
sharpness of the lead- edge is increased. 

% lP 
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The s t ab i l i t y  boundaries are presented in   f i gu re  10 with a point 
t o  show the  position of the particular airplane  configuration w i t h  
respect   to   the boundaries. A t  a l i f t  coefficient of 0.2 oscil latory 
ine tab i l i ty  is indicated for all the airplane configurations. The 
large s tab i l iz ing   sh i f t  of the osoillatory  boundaries  resulting from 
a change of l i f t  coefficient from 0,2 ' to  0.5 is mainly caused by the 
change i n  q, the  inclination of the principal  longitudinal axis with 
respect   to  the flight path, f r o m  about - 3 O  at  0.2 l if t  coeff ic ient   to  
about 2 -5' at 0.5 l i f t  coefficient.  Reference 6 €ndlcates that the 
inclination of the  principal  longitudinal axis above the flight path 
generally cawes a stabi l iz ing shift of the   osc i l la toq  boundam while 
an inclination below the flight path  reeults i n  a destabil izing  shift  
of the oscil latory boundary. A t  a liFt coefficient of 0.5 a l l  the 
airplane  configurations fa l l  in  the stable region. A 8  the shELrpnt386 of 
the le6ding edge of the wing increases,  the  position  of the sirplane 
becomes c lose r   t o   t he   sp i r a l   s t ab i l i t y  boundary. A t  a l i f t  coefficient 
of 0.8, there is a shift i n  position  of the airplane in to  the spiral 
divergence  region with an increase i n  sharpness of the wing leading 
edge; t h e  airplme with MACA 0012 wing falle i n  t he  stable region, 
the  airplane w i t h  the NACA. 6 5 1 - ~ ~  wing falls in  the   sp i ra l  divergence 
region near the sp i r a l   s t ab i l i t y  bound-, and the  airplane  with  the w i r g  
of  biconvex eectian fa l l s  wel l  in the   spiral  divergence region. It 
shouldrbe  noted that although  increases in  the shaqnese of the  leading 
edge of the wings generally  affect  the  derlvativee i n  such a way as t o  
cause a stabi l lz ing shift in the s tab i l i t y  boundariee, there is a t  the 
same time a detrimental  effect on C a  from the standpoint of sp i r a l  

s t ab i l i t y  . B 

The motions i n  bank and sideslip due t o  a Bmall initial angle of 
s ides l ip   for  each D f  the airplane  configurations is ahown in  figure 11 
f o r  a lif't coefficient of 0.8. The motions are presented as angles of 
s3deslip  or bank, re lat ive t o  the initial aidemlip  angle, and should be 
re l iable  provided  the  sideelip angle does not exceed tha t  at whfch the 
derivative6 become nonlinear. The airplase with the biconvex section 
shows extrem  spiral  divergence, t he  angle of ~lideslip  increaaing end 
the  airplane banking rapitlly i n  the  direction of sideslip  to  excessive 
d u e s  of  both  sideslip and bank. The airplane with the NACA 651-0~ 
wing i s  slightly spirally unstable, banking t o  anl;y a small angle i n  the 
first eecond, but the emplitude of the  oecil latian increasee with time. 
Sl ight   sp i ra l   ins tab i l i ty  i s  not  conaidered serious fromthe  standpoint 
of control. 

The airplane with the NACA 0012 wing fall0 in the stable reglon of 
the s t ab i l i t y  diagram (as can be seen i n   f i g .  10) and the motion in  bank 
and sidesl ip  is stable.  Although the motion in  bank is stable,  the air- 
plane attains a re lat ively high angle of bank in  the first second and a 
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half. In  about four and a half seconds, the amglitude  decreases t o  less 
thai --quarter of the rmzbmat value. 

It should  be mentioned that  the  derivatives used in calculating  the 
boundaries and motions are those  obtained from tests at low Reynolds ~tunbers. 
Although a i r fo i l  section  effects similar t o  those described would s t i l l  
occur at a higher Reynolds number they might not be imgortant at a8 l o w  
l i f t  Coefficients, since, at higher Reynolds numbers, the derivatives 
obtained  for  the w i n g s  might continue  the- initial l inear  trends t o  higher 
l i f t  coefficients. This would a l t e r  considerably the boundaries and 
motions a t  0.8 l i f t  coefficient and would probably  cause 89 appreciable 
change in the  boundaries and motions f o r  0.5 lift coefficient.  Calculations 
(not  presented) of the  boundaries were  made using  straight-line  extrapo- 
lations of the data for the NACA 0012 wing f o r  a lift coefficient of 0.8. 
The resul ts  &owed a etabillzing shift of the oscil latory boundary and a 
destabilizing  shift o f  the spi ra l   a tab i l i ty  b0mdat-y. The position of 
the airp1a;ne with the NACA O O l 2  wing was shifted up and t o  the ri&t i n  
the   s tab i l i ty  diagram (czp b e c d w  m o r e  negative and C mre   pos i t ive  
and it appears that simflar ertrapolatione of  the curves for the NAGA 651-012 
and biconvex w l n g a  would at  leas t  glve negative values of C and mi&t 

as 1 
% 

The results of low-scale tes te  made t o  determine the effect of air- 
fo i l   p ro f i l e  of eymmetrical section8 011 the low-speed ro l l ing   s tab i l i ty  
derivatives of untapered 45' sweptback-wing models of aspect r a t i o  2.61, 
and the results of calculations made t o  determine the effect  on the 
dynamic s t ab i l i t y  at subsonic speeds of a transonic airplane configuration 
using  the  different wing profiles  indicate the f oUow%ng conclusions : 

1. Increasing the aha;rpness of the leading edge of the a i r f o i l  
decreased  the  range of lift coefficients over whfch the  rolling  deriva- 
tives  maintained their ipitial trends and usually decreased  the mximun 
values of the  derivatives  obtained in  the unetalled range. 

2. In general, the effect  on the roulng  derivatives of adding an 
inboard leading-edge spoi le r   to  t he  NACA 0012 airfoil appeared t o  be 
equivalent t o  increa8ing effectivelg  the sharpness of the  entfre leading 
edge t o  so~m value between that of the NACA 0012 section and tha t  of the 
NACA 651-012 section. 
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3 .  Chengee in airfoil aectian had only a m a U  effect on the 
oscillatoqy and sp i r a l   s t ag i l i t y  bounda?AeE of a typical  transonic air- 
plank configuration at 0.2 lift coefficient. A t  higher lift coefficients 
(0.5 and 0.8) increases i n  leading-edge  Sharp088 usually CaUBed a stabi- 
l i z i n g  s h i f t  in  both  the  oscil latory and sp i r a l   s t ab i l i t y  boundaries. 
The s tab i l iz ing   sh i f t   in   the   sp i ra l   s tab i l i ty  boundary WRB more than 
compensated for, however, by the changes i n  effective  dihedral of the 
wings. A n  increased aharpness of the leading edge, therefore, caused an 
increased tendency tawarrd s-piral instabi l i ty ,  particularly at the higher 
l i f t  coefficients. 
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Figure 1.- System of axes used. Positive  dfrectiom of  force^, moments, 

and angle8 are indicahd. 
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\ 
Figure 2.- System of axes and angular relationehips used in calculation8 

of stability boundaries and motions. q = a - E. 



Figure 3.- Sketch of the plan form and airfoil profilea of the models 
investigated. U dimemions are in inches. W i n g  area equals 
3.56 square feet. 





Figure 4.- The 45°'.sweptback w h g  mounted in the rolli-flow teet section of the Langley s t ab i l i t y  
tunnel. MACA 0012 aFr fo l l  section. 
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Figure 6.- Variations of Cyp, Cnp, and C 2  with lift coefficient for P 
the wings tested. 
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FIgure 8.- Sketch of the  hypothetical airplane f o r  which stabflity 
boundaries and motions were computed. 
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Figure 9.- Lateral stability boundaries f o r  t h e e  hypothetical .tramonic alrplanes differing o m  in 
w i n g  profl le .  
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Figure 10.- Lateral stability boundaries for  the  three  hypothetical 
traneonic airplanes showing position of the  airplanes with reepect 
t o  the boundaries. 
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